ABSTRACT The consumption and food transfer efÞciency of two commercially used termite bait materials, southern yellow pine wood and cardboard, and one potential bait material, maize (Zea mays L.) cob, were evaluated for use against the Formosan subterranean termite, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), in the laboratory. In the no-choice test, the consumption of wood and cob was similar and signiÞcantly more than cardboard. Tunneling under the food sources was similar. In the two-choice test, the consumption was cob Ͼ wood, wood Ͼ cardboard, cob ϭ cardboard, and tunneling under these choices was cob ϭ wood, wood ϭ cardboard, cob Ͼ cardboard. In the three-choice test, no signiÞcant difference was detected in consumption, but tunnels made under the cob were signiÞcantly more than wood and cardboard. Nile blue A was used to study food transfer of bait material among termite cohorts. Dyed cardboard, cob, or wood (0.1% Nile blue A) was provided to termites as food. Termites feeding on wood turned blue in signiÞcantly greater number at 6 h compared with cardboard and cob, but there was no signiÞcant difference after 12 h. Blue termites feeding on different bait materials were then collected and combined with undyed termites. When undyed (white) termites were placed with blue termites and food (wood block), termites turned blue in the same percentage regardless of original bait material fed on. However, when no food was provided (starvation group), the rate of white termites turning blue was dramatic; in dyed wood treatment, signiÞcantly more termites turned blue than that of cardboard, although neither were signiÞcantly different from cob. Our study is the Þrst to show that, cob, an otherwise waste product of the food and biofuel industry, is as efÞcient as wood and cardboard as a termite bait matrix.
The Formosan subterranean termite, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), is one of the most economically important termite pests, with a widespread global distribution (Henderson 2008, Rust and Su 2012) . Two main methods for subterranean termite control, based on bait technologies and liquid termiticides, have been widely used (Henderson 2001 , Gautam and Henderson 2012 , Rust and Su 2012 . In the United States, termite bait products account for approximately one third of the market share according to a 2002 survey (Rust and Su 2012) . However, the labor costs associated with bait placement and inspection have hampered sales of baits compared with liquids. Meanwhile, termite baits have some obvious advantages in long-term termite control and structural protection for its low chemical expense and environmental friendliness (Pawson and Gold 1996 , Su and Scheffrahn 1998 , Grace and Su 2000 , Thoms et al. 2009 , Liu et al. 2011 , Gautam and Henderson 2012 .
A successful baiting system depends on understanding the foraging behavior of subterranean termites. A toxicant-laced cellulosic food material can be introduced to the whole colony through direct feeding, trophallaxis, cannibalism, and mutual grooming (Su and Scheffrahn 1998 , Valles and Woodson 2002 , Bagnè res et al. 2009 , Dhang 2011 , Gautam and Henderson 2012 . Two cellulosic food materials, wood and cardboard, have been commercially used in baiting systems. Maize (Zea mays L.) cob is another material that contains abundant cellulose (Azubuike et al. 2011 , Shogren et al. 2011 . In some regions of China, maize cob is used noncommercially as a bait material for termite control and led to this investigation (Zhang et al. 1995 , Zhang et al. 2009 , Liu et al. 2011 .
Although many studies focused on wood and cardboard baiting systems, very few have paid attention on comparing the effectiveness between different bait materials (Haverty et al. 2010 , Lenz et al. 2011 ). Formosan subterranean termite consumption of maize stalks and cobs has been previously observed by us (unpublished data). Here, we compared three bait materials, wood, cardboard and maize cob, in three aspects: 1) no-choice tests and choice tests were conducted to study the consumption and preference of Formosan subterranean termites on different bait materials; 2) a Nile blue A transfer bioassay was employed to evaluate the efÞciency of dyed food transfer from the bait material to termites; and 3) a donor and recipient bioassay was used to evaluate the efÞciency of dyed food transfer between treated termites (dyed) and untreated termites (undyed), when food was provided and when food was not provided.
Materials and Methods
Termites. Worker and soldier Formosan subterranean termites were collected from Brechtel Park, New Orleans, LA, on 14 October 2011 by using milk crate traps as described in Gautam and Henderson (2011a) . Termites were maintained in trash cans (140-liter) with wet southern yellow pine (Pinus sp.) wood under constant conditions (26 Ð28ЊC and 70 Ð 80% RH) for 1Ð2 mo before they were used in the bioassays, as described in Mao and Henderson (2010) .
Maize Cobs, Wood Blocks, and Cardboard. Ears of a non-Bacillus thuringiensis corn hybrid were collected from Macon Ridge Research Station, LSU AgCenter, Winnsboro, LA, on 19 October 2011. Before the experiment, mature corn ears were selected and washed carefully, and kernels were completely removed. Fresh dekerneled cobs were then crosscut into 8-mm segments (dry weight, 1.097 Ϯ 0.049 g). Southern yellow pine wood was purchased in Baton Rouge, LA, in 2011, and cardboard roll was in the laboratory for the last few years. Wood was cut into small blocks (8 by 20 by 20 mm; dry weight, 1.442 Ϯ 0.036 g). Cardboard was cut into round-shaped pieces according to the size of the cross section of cobs (diameter, 20 mm; dry weight, 0.119 Ϯ 0.003 g). Cob segments, wood blocks, and cardboard were autoclaved (121ЊC for 15 min) and dried in an oven dryer (70ЊC for 48 h).
Consumption Bioassay. The bioassays were conducted in petri dishes (100 by 15 mm) containing 30 g of sand (12% moisture). The bioassays included three no-choice tests, three two-choice tests, and one threechoice test. In the no-choice test, cobs, wood blocks, or cardboard were placed on top of the sand substrate in the petri dish. In the two-and three-choice tests, the combinations of wood block and cardboard, wood block and cob, cardboard and cob, or wood block, cardboard and cob were provided. Cobs, cardboard, and wood blocks were put on the substrate such that they were not touching and equally distanced to each other. Each treatment had six replicates.
For the two-and three-choice tests, red, green, and blue lines were drawn under the bottom side of petri dishes to indicate the location of each food choice during scanning. In each experimental unit, 50 workers and Þve soldiers were released before sealing with ParaÞlm (Structure Probe, Inc., West Chester, PA). The bioassays were maintained in a 28ЊC incubator (model 3710, Forma ScientiÞc, Inc., Marietta, OH) in total darkness for 2 wk. Moisture was monitored every day, and distilled water was added to sand whenever required.
Before and after the experiment, the dry weight of wood blocks, cardboard, and cobs was measured. The bottom side of these materials was scanned to observe the consumption patterns. At the end of the experiment, the survival rate of termites in each experimental unit was recorded. The bottom side of each petri dish was scanned and tunneling was quantiÞed by measuring the length of tunnels with the help of a string overlaid on tunnels as described in Gautam (2011). For two-and three-choice tests, only length of tunnels that intersected with the scanned colored lines under each food source was measured. In all tests, tunnels created by termites circling the petri dishes (edge effect) were not measured.
Nile Blue A Transfer Bioassay. A suitable persistent stain, Nile blue A (Sigma, St. Louis, MO), was used to evaluate the food transfer from bait to termites. Southern yellow pine wood blocks, cardboard, and cobs were weighed and the required amount of Nile blue A to make 0.1% dye (wt:wt) was dissolved in acetone and pipetted on the food sources as described in Gautam and Henderson (2011b) . The bioassay arena and substrate were the same as in the consumption and preference bioassay. The dyed wood blocks, cardboard, and cobs were put in the center of the petri dishes. Each treatment had 21 experimental units. Fifty workers and two soldiers were released in each petri dish, and then the dish was sealed with ParaÞlm and maintained in a 28ЊC incubator in total darkness. Three of the petri dishes from each treatment were randomly chosen and checked at 6 h, 12 h, 1 d, 2 d, 3 d, 4 d, and 5 d after setup of the experiment. At each time point, the number of living termites and the number of termites turning blue were recorded to compare the efÞciency of Nile blue A transfer from the three bait materials to termites. At the end of 5 d, blue termites feeding on different food sources were carefully collected using soft brushes and put in separate petri dishes with wet sand in preparing for the donor and recipient bioassay. Donor and Recipient Bioassay. A donor and recipient assay was used to study the efÞciency of Nile blue A transfer between termites. Termites feeding on different dyed food sources were used as Nile blue A donors, and untreated termites were used as recipients. Two experimental groups, a starvation group and a fed group, were included in the bioassay. For the starvation group, no food was provided, whereas for the fed group, a piece of untreated southern yellow pine wood block (8 by 20 by 20 mm) was provided in each experimental unit. Both starvation and fed groups had three treatments, in each of which, 50 blue workers previously feeding on one of three dyed bait materials were combined with 50 undyed workers and two soldiers. Each treatment (starvation and fed groups) contained six replicates. Petri dishes were sealed with ParaÞlm and maintained in a 28ЊC incubator in total darkness for 19 d. At the end of the experiment, the numbers of surviving dark blue termites (donor termites), light blue termites (untreated termites turned blue), and white termites (untreated termites that did not turn blue) were counted.
Data Analyses. PROC UNIVARIATE (SAS Institute, Cary, NC) was used to test the normality of data (survival rate, food consumption, and length of tunnels). If the data were normally distributed, the means of treatments were compared by analysis of variance (ANOVA) and TukeyÕs test (F, df, and P are provided) or t-test (t, df, and P are provided). For the data that were not normally distributed, a rank was assigned and compared by ANOVA and the KruskalÐWallis test ( 2 , df, and P are provided). All signiÞcant levels were determined at ␣ Ͻ 0.05.
Results
Survival Rate of Termites in Consumption Bioassays. In the no-choice test, the survival rate of termites feeding on cobs was signiÞcantly lower than that on cardboard ( 2 ϭ 7.0936, df ϭ 2, P ϭ 0.0288); neither were signiÞcantly different from wood blocks (Fig.  1a) . In the two-choice test, the survival rate of the wood and cob treatment was signiÞcantly lower than that of the wood and cardboard treatment ( 2 ϭ 6.7765, df ϭ 2, P ϭ 0.0338); there was no signiÞcant difference between them and the treatment of cardboard and cob (Fig. 1b) .
Consumption and Tunneling in No-Choice Test. The consumption of cardboard was signiÞcantly lower than that of wood blocks or cobs ( 2 ϭ 12.3158, df ϭ 2, P ϭ 0.0021); no signiÞcant difference was found between wood blocks and cobs (Fig. 2a) . Termites feeding on cobs primarily consumed the centers and made a large consumption hole inside the cob (Fig.  2a) . No signiÞcant difference in length of tunnels was found between the three treatments (F ϭ 0.39; df ϭ 2, 15; P ϭ 0.6830) (Fig. 3a) .
Consumption and Tunneling in Two-Choice Tests. The consumption between different food sources in the three treatments was cobs signiÞcantly higher than wood blocks (t ϭ 3.67, df ϭ 10, P ϭ 0.0043); wood blocks signiÞcantly higher than cardboard (t ϭ 3.19, df ϭ 10, P ϭ 0.0096); cob and cardboard were similar (t ϭ 1.30, df ϭ 10, P ϭ 0.2225) (Fig. 2b) . Termites made consumption holes inside the center part of cobs in 8 of 12 combinations containing cobs (Fig. 2b) . More tunnels were built under and through the cobs than in the case of cardboard (t ϭ 2.50, df ϭ 10, P ϭ 0.0315), and there was no signiÞcant difference between wood blocks and cardboard ( 2 ϭ 2.1818, df ϭ 2, P ϭ 0.1396) or wood blocks and cob (t ϭ 0.48, df ϭ 10, P ϭ 0.6430) (Fig. 3b) .
Consumption and Tunneling in Three-Choice Test. No signiÞcant difference in consumption was found between the three bait materials ( 2 ϭ 3.8189, df ϭ 2, P ϭ 0.1485) (Fig. 2c) . Unlike the no-choice and twochoice tests, no obvious consumption holes were found in the center area of cobs in the three-choice test (Fig. 2c) . However, tunnels under and through cobs were found in four of six replicates, whereas no obvious tunnels under wood blocks and cardboard were observed (Fig. 3c) . The length of tunnels made under and through the cobs was signiÞcantly longer than that under wood blocks and cardboard ( 2 ϭ 9.5253, df ϭ 2, P ϭ 0.0085).
Efficiency of Food Transfer From Bait Materials to Termites. At 6 h, workers feeding on cobs, wood blocks, and cardboard began to turn blue. However, the percentage of blue workers in the wood block treatment was signiÞcantly higher than that in cobs or cardboard treatments (F ϭ 29.31; df ϭ 2, 6; P ϭ 0.0008); the percentage of blue workers in the cobs and cardboard treatments was similar. After 12 h, no signiÞcant difference in the percentage of blue workers was detected between the three treatments (Fig. 4) . Blue soldiers were observed both in the cob and wood block treatments at day 1, whereas soldiers in the cardboard treatment began to turn blue at day 3.
Efficiency of Food Transfer Between Termites. The survival rate of donor termites previously feeding on dyed wood blocks in fed group was signiÞcantly higher than that of the cob treatment in fed group ( 2 ϭ 15.1531, df ϭ 5, P ϭ 0.0097), but both of them were not signiÞcantly different from cardboard (Fig. 5a) . The survival rate of recipient termites in the wood treatment in fed group was signiÞcantly higher than that of the cob treatment in fed group or the cardboard treatment in starvation group ( 2 ϭ 13.7096, df ϭ 5, P ϭ 0.0176); the survival rate of recipient termites between the cob treatment in fed group and the cardboard treatment in starvation group was similar (Fig.  5b) .
No signiÞcant difference in percentage of blue recipient termites was detected in the three treatments of fed group. However, the percentage of blue recipient termites in all treatments of fed group was signiÞcantly lower than that of starvation group ( 2 ϭ 28.7266, df ϭ 5, P Ͻ 0.0001) (Fig. 5c ). For the starvation group, in the wood treatment, the percentage of recipient termites turning blue was signiÞcantly higher than that in cardboard treatment ( 2 ϭ 28.7266, df ϭ 5, P Ͻ 0.0001); both of them were not signiÞcantly different from the cob treatment.
Discussion
Based on our results, the mean consumption of cobs was the highest in the no-choice test and in all twochoice tests. For the two-choice test where cob and cardboard were present, this difference in consumption was not signiÞcant, probably due to a large variance in cob consumption resulting from one replicate where cob was not consumed at all. Removing the outlier, the consumption of cobs was signiÞcantly higher than that of cardboard (P ϭ 0.0506). Lenz and Evans (2002) stated that three components should be considered in developing a baiting system: active ingredient (toxicants), matrix (bait materials), and termite biology. Many studies focused on discovering and evaluating a variety of toxicants used in termite baits (Su 1994, Henderson and Forschler 1997, Haverty et al. 2010, Neoh et al. 2011 ). However, the development and evaluation of bait materials and related termite biology were not given as much priority. One of the most important factors determining the success of bait materials is the composition, evaluated by termite preference (Lenz and Evans 2002) . With a consumption bioassay, Lenz et al. (2011) compared the consumption of C. formosanus and Reticulitermes speratus (Kolbe) on 10 different types of paper and showed that cardboard was the most preferred. Li et al. (2001) compared the consumption of three bait matrices, pinewood powder, sugarcane powder, and starch and found that sugarcane powder was preferred most by C. formosanus and Reticulitermes flaviceps (Kollar). In our study, one possible reason for the preference of cobs by termites is that cobs absorb more water from the substrate. Gautam and Henderson (2011c) reported that the highest wood consumption by termites always was found in wood blocks with high moisture content. Cobs also contain more sugars and amino acids, compounds known to increase bait attractiveness to termites (Chen and Henderson 1996, Lenz and Evans 2002) . Moreover, Hedlund and Henderson (1999) found that an increase in surface area of food increased the consumption by termites. Cobs are full of nooks and crannies, and surface area is large relative to dimensions.
Subterranean termites rely on tunnels for their high efÞciency to search and transport food resources (Lee et al. 2007 , Henderson 2008 . The relationship between tunnel abundance, food searching, and consumption behavior of Formosan subterranean termites has been shown in laboratory and Þeld studies (Hedlund and Henderson 1999, Su 2005) . According to the wood-consumption hypothesis developed by Li and Su (2008) , a gain of tunnel space results from food removed from the space. In our study, although no signiÞcant difference in consumption was detected between cobs and cardboard in the two-choice test, or cobs, cardboard, and wood blocks in the three-choice test, the mean length of tunnels under cobs was signiÞcantly more extensive than that under wood blocks or cardboard, indicating a preference of cobs.
The higher mortality in two treatments containing cobs may be the result of fungus that developed on the surface of the cobs. The attack of pathogenic fungi is one reason that high mortality occurs in the laboratory studies (Jayasimha and Henderson 2007, Gautam and Henderson 2011d) . However, the relationship between fungi and termites is complex. In nature, some chemicals associated with termites inhibit the growth of fungi (Chen et al. 1998, Bulmer and Crozier 2004) . However, some wood decaying fungi are attractive to Formosan subterranean termites and have been used as auxiliary compounds in termite baits in China and the United States (Esenther and Beal 1974 , Su 2005 , Liu et al. 2011 . Li et al. (2001) reported that the sugarcane powder infected by Gloeophyllum trabeum was signiÞcantly preferred by C. formosanus and R. flaviceps over undecayed powders. The possible role of cob fungi in termite mortality or attractiveness has not been determined yet. However, the issue of possibly greater susceptibility to fungal colonization has to be considered.
The Nile blue A transfer bioassay was used to evaluate the food transfer from bait materials to termites. Nile blue A is a persistent dye that can be accumulated in the fatty body of termites (Su et al. 1991) . It has been widely used to estimate the population size, foraging distance, and toxicant transfer between termites (Evans et al. 1999 , Stansly et al. 2001 , Rust and Saran 2006 , Bagnè res et al. 2009 , Gautam and Henderson 2011b , Eger et al. 2012 . We found that Nile blue A provides a direct and obvious opportunity to estimate the amount and rate of transfer of bait materials to termites, by calculating the percentage of blue termites and the darkness of blue termites. The result showed that the percentage of blue workers feeding on wood blocks was signiÞcantly more than cobs or cardboard at 6 h. The difference might be caused by the physical character of the three materials. Because of the low permeability, Nile blue A is at a higher concentration on the surface of wood blocks; thus, termites would initially take in higher amounts of dye.
Nile blue A also was used to evaluate the efÞciency of food transfer from termite to termite. Trophallaxis, cannibalism, and mutual grooming are main ways to transfer bait toxicants between termites (Valles and Woodson 2002 , Bagnè res et al. 2009 , Dhang 2011 . Nile blue A can transfer little between termites by trophallaxis and grooming (Su et al. 1991 , Haagsma and Rust 1995 , Baker et al. 2009 ). However, the role of cannibalism in bait chemical transfer between individuals can be studied separately from other factors by using Nile blue A. In starvation conditions, wood blocks treatments showed a stronger effect of cannibalism via Nile blue A transfer than did cobs and cardboard treatments. Song et al. (2006) reported that starved termites have higher noncaste-speciÞc cannibalism levels than fed termites during the Þrst 30 d. The difference between starvation treatments and fed treatments in Nile blue transfer is suggested to be caused by different cannibalism levels. Because cannibalism can be an important factor to transfer bait chemicals between termites under starvation conditions, in termite control practices, removing competing food sources from termites may increases the effectiveness of bait toxicants.
Our study showed that cobs are as efÞcient as wood blocks and cardboard. As an agricultural waste product, cobs are quite abundant and available (El-Geundi 2003 , Varvel and Wilhelm 2008 , Wilaipon 2008 . The use of cob can reduce the cost of a bait matrix and help preserve forest resources.
